The present study was carried out to determine if sensitization of Gram-negative bacteria to the polyanionic antibiotic daptomycin by cationic molecules can be explained on the basis of decreased cell surface charge in order to better understand intrinsic resistance. Turbidimetric assessments of batch cultural growth kinetics revealed the outer membranepermeabilizer polymyxin B nonapeptide sensitized Pseudomonasaeruginosa and Escherichia coli to the hydrophobic probe novobiocin, whereas little or no sensitization wasobservedfor two surface hydrophobicityvariants ofPasteurella multocida. Polymyxin B nonapeptide and daptomycin synergistically inhibited growth of P. aeruginosa only. A hydrocarbon adherence assay revealed permeabilizing concentrations of polymyxin B nonapeptide increased cell surface hydrophobicity of P. aeruginosa and the hydrophobic P. multocida variant, while E. coli and the hydrophilic P. multocida variant remained unaffected. Measurement of cellular electrophoretic mobility showed polymyxin B nonapeptide permeabilization of P. aeruginosa to daptomycin occurred concomitantly with a significant decrease in cell surface charge, while no such sensitization occurred in organisms which failed to undergo polymyxin B nonapeptide-induced surface charge decreases. These data suggest that sensitization of Gram-negative bacteria to polyanionic lipopeptides by growth in the presence of polycationic outer membranepermeabilizers such as polymyxin B nonapeptide is dependent on diminution of overall cell surface charge and polarity, thereby allowing outer cell envelope permeation.
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Pseudomonas aeruginosax\
Escherichia coli2\ and Pasteurella multocida3) possess typically Gram-negative infrastructure in that their cytoplasmic membraneand peptidoglycan componentsare surrounded by an outer membranewhich functions in most such organisms as a diffusion barrier to lipophilic molecules40. However, we have found that with the exception of the polyanionic lipopeptide daptomycin5), the outer membrane of naturally-occurring P. multocida strains is permeable to structurally-diverse hydrophobic antimicrobial agents6). That the basis for Gram-negative resistance to daptomycin is of a nonspecific nature and involves outer membraneimpermeability is strongly suggested by its exclusively Gram-positive antibacterial spectrum7}, despite possessing a primary mechanismof action which appears to involve the calcium-dependent depletion of cytoplasmic membrane energization8) and inhibition of amino acid transport9*. Wehave previously speculated that in view of the general nature of cell envelope permeability to lipophilic molecules in P. multocida, intrinsic daptomycin resistance maybe due to electrostatic repulsion between the negatively-charged outer membrane surface and the 67 anionic antibiotic, thereby precluding their association6*. Lakey and Lea10) have suggested the inability of daptomycin analog A21978Cto cause hemolysis may be due to the negatively-charged surface of erythrocytes.
The assessment of net bacterial cell surface charge can be accomplished in a precise manner by determining cellular electrophoretic mobility1 1}.
Champlin and Hart5) found polymyxin B (PMB) disruption of the outer membranesensitized P. multocida P-1581, but not P. aeruginosa PAO1 or P. multocida ATCC 11039, to daptomycin, thereby suggesting the ability of the outer membraneto exclude daptomycin does not always require normal ultrastructural integrity.
Polymyxin B nonapeptide (PMBN)is much less toxic to Gram-negative bacteria than PMB,yet retains the ability to permeabilize outer membranes12' 1 3*. Peterson et al. 14)
showed that the polycationic PMB binds to lipopolysaccharide, thereby rigidifying it by altering its overall charge and perturbing the packaging arrangement of outer membrane components. PMBN lacks the PMB fatty acid tail while retaining its electrostatically positive nature. Weemployed PMBN in an effort to sensitize P. aeruginosa, E. coli, and P. multocida strains to daptomycin reasoning this compound might mitigate the negative charge of the cell surface while disorganizing the outer membranesuch that daptomycin would penetrate in a manner not maskedby inherent toxicity of the permeabilizer itself. Resultant data provide further evidence that intrinsic daptomycin resistance in Gram-negative bacteria is in fact outer membrane mediated and normally intact structure is not essential to the ability of the outer membrane to preclude its permeation. Moreover, sensitization to polyanionic lipopeptides such as daptomycin by polycationic permeabilizers is dependent on the ability of the compounds to sufficiently decrease the net negative electrostatic charge of the outer membrane surface such that antibiotic association with and diffusion through the outer cell envelope can occur. 
Materials and Methods

Outer MembranePerturbation Assay
The ability ofnovobiocin or daptomycin to synergistically inhibit the growth of test organisms in the presence of PMBN was assessed on the basis of turbidimetric growth kinetic measurements using the method of Champlin and Hart5).
Cell Surface Hydrophobicity Assay
Cell surface hydrophobic properties of control and PMBN-treated cells were assessed on the basis of the degree to which they partitioned into «-hexadecane18).
Cells from late exponential-phase test cultures (OD550 of approximately 0.50) were pooled, harvested by centrifugation at 10,000 x g and 4°C for 10 minutes, washed with one volume of cold PPMS buffer (6.97 g ofK2HPO4, 2.99g of KH2PO4 and 0.2g of MgSO4-7H2O per liter of glass-distilled water; pH 7. 12), and suspended in room temperature PPMSbuffer to an OD550 of 0.50. Cell surface hydrophobicity was measured as described previously1 6).
Cell Surface Charge Assay
Cell surface electrostatic charge properties of control and PMBN-treated cells were assessed by measuring 
Permeability Properties
We have previously employed turbidimetric assessments of cultural growth kinetics to determine that PMB is able to nonspecifically permeabilize the outer membrane of P. multocida P-1581, thereby sensitizing it to daptomycin in MHB5). A similar degree of PMBinduced sensitization to daptomycin was obtained more recently in MHBcontaining Ca2+ at the concentration employed for the present study (unpublished data). The nonbacteriocidal PMBN13)was selected for subsequent use as a permeabilizing agent under these conditions after it was found to render P. aeruginosa PAO1susceptible to novobiocin, while poly-L-lysine, EDTA,and diaminoacetone exhibited only slight to moderate synergy with novobiocinunder these conditions19).
Control experiments were performed to establish the degree to which PMBN is able to nonspecifically permeabilize the outer membranesof test organisms as judged on the basis of sensitization to the normally excluded hydrophobic antibiotic novobiocin. As can be seen in Fig. 1 , growth in the presence of PMBNsignificantly sensitized P. aeruginosa PAO1 and E. coli ATCC11039 to novobiocin, while little or no synergy was observed in the P. multocida variants. It should be noted that growth of the P. multocida variants was consistently less in the presence of both PMBNand (A) P. aeruginosa PAO1; Symbols: O, control; à", PMBN (10/ig/ml); n, DAP (400/ig/ml); and å , PMBN (10/zg/ml) and DAP (400/ig/ml).
(B) E. coli ATCC 25922; Symbols: O, control; à", PMBN (8/ig/ml); n, DAP (400/ig/ml); and å , PMBN (8/ig/ml) and DAP (400/ig/ml).
(C) P. multocida ATCC 11039; Symbols: O, control; à", PMBN (128/zg/ml); D, DAP (400/ig/ml); and B PMBN (128^g/ml) and DAP (400/jg/ml).
(D) P. multocida P-1581; Symbols: O, control; à", PMBN (10/ig/ml); D, DAP (400/xg/ml); and B. PMBN ' (10^g/ml) and DAP (400/zg/ml). å daptomycin, while all other organisms remained unaffected.
Cell Surface Hydrophobicity
The relative abilities of control and PMBN-treated cells to associate with w-hexadecane were examined in order to determine if PMBN-induced permeabilization is accompanied by a concomitant change in overall cell surface hydrophobicity.
Growth in the presence of PMBN at concentrations employed in attempts to permeabilize outer membranes to daptomycin caused significant increases in cell surface hydrophobicity of P. aeruginosa PAO1and the hydrophobic P. multocida variant P-1581 (Table 2) , even though only the former organism was sensitized to the antibiotic (Fig. 2) . No significant differences in hydrophobicity properties were detected between treated and untreated E. coli ATCC 29522 and P. multocida ATCC 11039.
Cell Surface Charge
In order to determine the effect of PMBN-induced permeabilization on cell surface charge, zeta potential values reflective of the degree of net surface electronegativity were determined for test organisms grown in the absence and presence of the permeabilizer. P. aeruginosa PAO1 underwent a significant decrease in overall negative cell surface charge as a result of being cultured in the presence of PMBN (Table 2 ). In contrast, PMBNexerted no significant effect on the cell surface charge properties of E. coli ATCC25922, P. multocida ATCC11039, or P. multocida P-1581.
Discussion
The exclusively Gram-positive antibacterial spectrum of daptomycin suggests the intrinsic resistance exhibited by Gram-negative organisms is nonspecific and most likely involves outer membrane impermeability. Failure of the outer membraneto function as a barrier to the a Percent decrease in turbidity of standardized cell suspension after mixing with 1,000/il of «-hexadecane. Each value represents the meanof three-to-four independent determinations. b Zeta potential of standardized cell suspension expressed in mV. Each value represents the mean of four-to-six independent determinations. c Cells grown in the presence of PMBN at the concentrations used in attempts to sensitize respective organisms to NOVand DAP. VOL.48 NO. 1 THE JOURNAL OF ANTIBIOTICS diffusion of antimicrobial agents can be examined by sensitization of bacteria to otherwise excluded molecules as assessed on the basis of turbidimetric measurements of altered cultural growth kinetics5'20*.
Champlin and Hart5) employed this method to determine the outer membranes of P. aeruginosa PAO1, P. multocida ATCC
11039
(a hydrophilic cell surface variant), and P. multocida P-1581 (a hydrophobic cell surface variant)
were rendered permeable to the hydrophobic antibiotic novobiocin by growth in the presence of sublethal concentrations of either EDTAor PMB. Furthermore, PMBsensitized P. multocida P-1581 to daptomycin. The failure to sensitize P. aeruginosa PAO1and P. multocida ATCC1 1039 to daptomycin under conditions wherein their outer membraneswere otherwise permeabilized to novobiocin suggests the ability of the outer cell envelope to retard daptomycin diffusion does not require normally intact structure. That P. multocida hydrophobic variant P-1581 was rendered susceptible to daptomycin by PMB under conditions which sensitized all organisms to novobiocin supports the hypothesis that intrinsic daptomycin resistance is a result of the permeability barrier function of the outer membrane. Furthermore, otherwise permeabilized outer membranesurfaces may retain sufficient residual negative charge to preclude association with the polyanionic daptomycin due to electrostatic repulsion in certain cases. PMB treatment caused no detectable changes in cell envelope lipid composition or cell surface charge (as judged using electrostatic interaction chromatography) of the P. multocida strains, thereby leaving strain variation with regard to susceptibility to PMB-daptomycin synergy unexplained. However, this study was hampered by the facts that permeabilizing concentrations of PMBare very close to bacteriocidal levels13) and a much more reliable method for measuring cell surface charge is available1 X). The net negative surface charge of Gram-negative bacteria is due in large part to the presence of lipopolysaccharide in the outer leaflet of the outer membrane21}. Thenegative surface properties of P. multocida serotype A variants, as represented in this study by strain ATCC 11039, are most likely enhanced by capsular material which is composed largely of hyaluronic acid22). The relative cell surface hydrophobicity of P. multocida variants has been shown to be related to the degree to which they are encapsulated and the hyaluronidase removal of capsular material is accompanied by a concomitant enhancement of hydrophobic properties1 5). Wereasoned it should then be possible to sensitize P. aeruginosa and E. coli (both having outer membranes refractory to hydrophobic molecules), and further sensitize P. multocida (which has an outer membrane permeable to hydrophobic molecules) to daptomycin by exposing them to the nonbacteriocidal outer membrane permeabilizer PMBN in the presence of added Ca2+. PAO1occurred concomitantly with a dramatic decrease in cell surface charge relative to control cells, whereas no sensitization occurred for organisms wherein PMBN failed to affect the overall cell surface charge, confirms the notion that the residual negative charge remaining on otherwise permeabilized outer membranes may preclude daptomycin permeation due to electrostatic repulsion.
The failure of PMBNat relatively high concentrations to cause significant permeabilization of the P. multocida strains to novobiocin, while significant permeabilization of E. coli was obtained at a concentration comparable to that used by Vaara and Vaara13) to permeabilize Salmonella typhimurium, suggests that PMBN is not an effective outer membranepermeabilizer for certain nonenteric organisms, particularly in the presence of elevated divalent cation levels. This conclusion is supported by the failure of larger concentrations ofPMBN(5 1.2 jug/ml) to markedly further sensitize Zymomonasmobilis to novobiocin (unpublished data). Alternatively, the inherent susceptibility of naturally-occurring strains of P., multocida and Z. mobilis to hydrophobic molecules may simply mask further permeabilization of the outer membrane by PMBN.
It is interesting to note that hydrophobic P. multocida variant P-1581 was rendered susceptible to daptomycin with PMB5) and more hydrophobic by PMBN (Table  2 ), yet did not become less electronegative (Table 2 ) or susceptible to daptomycin (Fig. 2) as a consequence of growth in the presence of PMBN. Efforts are presently underwayto determine if the presence of serotype A encapsulation, which covers an otherwise hydrophobic outer surface in P. multocida15) might be responsible for strain variation with regard to susceptibility to the effects of PMBand PMBNon cell surface properties. 
